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To	 ﾠwhom	 ﾠcorrespondence	 ﾠshould	 ﾠbe	 ﾠaddressed.	 ﾠ	 ﾠGeological	 ﾠevidence	 ﾠsuggests	 ﾠthat	 ﾠmarine	 ﾠice	 ﾠextended	 ﾠto	 ﾠthe	 ﾠequator	 ﾠat	 ﾠleast	 ﾠtwice	 ﾠ
during	 ﾠthe	 ﾠNeoproterozoic	 ﾠ(∼750-ﾭ635	 ﾠMyr	 ﾠago)1,	 ﾠ2,	 ﾠinspiring	 ﾠthe	 ﾠSnowball	 ﾠEarth	 ﾠ
hypothesis	 ﾠthat	 ﾠthe	 ﾠEarth	 ﾠwas	 ﾠglobally	 ﾠice	 ﾠcovered3,	 ﾠ4.	 ﾠIn	 ﾠa	 ﾠpossible	 ﾠSnowball	 ﾠEarth	 ﾠ
climate,	 ﾠocean	 ﾠcirculation	 ﾠand	 ﾠmixing	 ﾠprocesses	 ﾠwould	 ﾠhave	 ﾠdetermined	 ﾠthe	 ﾠmelting	 ﾠ
and	 ﾠfreezing	 ﾠrates	 ﾠthat	 ﾠdetermine	 ﾠice	 ﾠthickness5,6,	 ﾠinfluenced	 ﾠthe	 ﾠsurvival	 ﾠof	 ﾠ
photosynthetic	 ﾠlife4,5,7–9,	 ﾠand	 ﾠmay	 ﾠprovide	 ﾠimportant	 ﾠconstraints	 ﾠfor	 ﾠthe	 ﾠinterpretation	 ﾠ
of	 ﾠgeochemical	 ﾠand	 ﾠsedimentological	 ﾠobservations4,10.	 ﾠHere	 ﾠwe	 ﾠshow	 ﾠthat	 ﾠin	 ﾠa	 ﾠSnowball	 ﾠ
Earth,	 ﾠthe	 ﾠocean	 ﾠwould	 ﾠhave	 ﾠbeen	 ﾠ	 ﾠwell	 ﾠmixed	 ﾠand	 ﾠcharacterized	 ﾠby	 ﾠa	 ﾠdynamic	 ﾠ	 ﾠ	 ﾠ
circulation11,	 ﾠwith	 ﾠvigorous	 ﾠequatorial	 ﾠmeridional	 ﾠoverturning	 ﾠcirculation,	 ﾠzonal	 ﾠ
equatorial	 ﾠjets,	 ﾠa	 ﾠwell-ﾭdeveloped	 ﾠeddy	 ﾠfield,	 ﾠstrong	 ﾠcoastal	 ﾠupwelling	 ﾠand	 ﾠconvective	 ﾠ
mixing.	 ﾠThis	 ﾠis	 ﾠin	 ﾠcontrast	 ﾠto	 ﾠthe	 ﾠsluggish	 ﾠocean	 ﾠoften	 ﾠexpected	 ﾠin	 ﾠa	 ﾠsnowball	 ﾠscenario3.	 ﾠ
As	 ﾠa	 ﾠresult	 ﾠof	 ﾠvigorous	 ﾠconvective	 ﾠmixing,	 ﾠthe	 ﾠocean	 ﾠtemperature,	 ﾠsalinity	 ﾠand	 ﾠdensity	 ﾠ
were	 ﾠeither	 ﾠuniform	 ﾠin	 ﾠthe	 ﾠvertical	 ﾠor	 ﾠweakly	 ﾠstratified	 ﾠin	 ﾠa	 ﾠfew	 ﾠlocations.	 ﾠOur	 ﾠresults	 ﾠ
are	 ﾠbased	 ﾠon	 ﾠa	 ﾠcoupled	 ﾠice	 ﾠflow-ﾭocean	 ﾠcirculation	 ﾠmodel	 ﾠdriven	 ﾠby	 ﾠa	 ﾠweak	 ﾠgeothermal	 ﾠ
heat	 ﾠflux	 ﾠunder	 ﾠa	 ﾠglobal	 ﾠ∼1	 ﾠkm	 ﾠice	 ﾠcover.	 ﾠCompared	 ﾠto	 ﾠthe	 ﾠmodern	 ﾠocean,	 ﾠthe	 ﾠsnowball	 ﾠ
ocean	 ﾠhad	 ﾠfar	 ﾠlarger	 ﾠvertical	 ﾠmixing	 ﾠrates,	 ﾠand	 ﾠcomparable	 ﾠhorizontal	 ﾠmixing	 ﾠby	 ﾠocean	 ﾠ
eddies.	 ﾠThe	 ﾠstrong	 ﾠcirculation	 ﾠand	 ﾠcoastal	 ﾠupwelling	 ﾠresulted	 ﾠin	 ﾠmelting	 ﾠrates	 ﾠnear	 ﾠ
continents	 ﾠas	 ﾠmuch	 ﾠas	 ﾠten	 ﾠtimes	 ﾠlarger	 ﾠthan	 ﾠpreviously	 ﾠestimated6,	 ﾠ7.	 ﾠWhile	 ﾠwe	 ﾠcannot	 ﾠ
resolve	 ﾠthe	 ﾠongoing	 ﾠdebate	 ﾠon	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠa	 ﾠglobal	 ﾠsnowball	 ﾠice	 ﾠcover10,12,13,	 ﾠwe	 ﾠ
discuss	 ﾠthe	 ﾠimplications	 ﾠto	 ﾠnutrient	 ﾠsupply	 ﾠfor	 ﾠphotosynthetic	 ﾠactivity	 ﾠand	 ﾠto	 ﾠbanded	 ﾠ
iron	 ﾠformations.	 ﾠThe	 ﾠnew	 ﾠinsights	 ﾠand	 ﾠconstraints	 ﾠon	 ﾠocean	 ﾠdynamics	 ﾠmay	 ﾠhelp	 ﾠresolve	 ﾠ
the	 ﾠSnowball	 ﾠEarth	 ﾠcontroversy	 ﾠwhen	 ﾠcombined	 ﾠwith	 ﾠfuture	 ﾠgeochemical	 ﾠand	 ﾠgeological	 ﾠ
observations.	 ﾠ	 ﾠ	 ﾠ
The	 ﾠflow	 ﾠof	 ﾠthick	 ﾠice	 ﾠover	 ﾠa	 ﾠSnowball	 ﾠocean	 ﾠ(“sea	 ﾠglaciers”,	 ﾠcharacterized	 ﾠby	 ﾠvery	 ﾠdifferent	 ﾠ
dynamics	 ﾠfrom	 ﾠthinner	 ﾠsea	 ﾠice14),	 ﾠhas	 ﾠreceived	 ﾠsignificant	 ﾠattention	 ﾠover	 ﾠthe	 ﾠpast	 ﾠfew	 ﾠyears5–
7,9,14,15.	 ﾠSimilarly,	 ﾠthe	 ﾠrole	 ﾠand	 ﾠdynamics	 ﾠof	 ﾠatmospheric	 ﾠcirculation	 ﾠand	 ﾠheat	 ﾠtransport,	 ﾠCO2	 ﾠ
concentration,	 ﾠcloud	 ﾠfeedbacks,	 ﾠand	 ﾠcontinental	 ﾠconfiguration	 ﾠhave	 ﾠbeen	 ﾠstudied16–18,	 ﾠas	 ﾠhas	 ﾠ
the	 ﾠrole	 ﾠof	 ﾠdust	 ﾠover	 ﾠthe	 ﾠSnowball	 ﾠice	 ﾠcover17,	 ﾠ19.	 ﾠIn	 ﾠcontrast,	 ﾠdespite	 ﾠits	 ﾠimportance,	 ﾠthe	 ﾠocean	 ﾠ
circulation	 ﾠduring	 ﾠSnowball	 ﾠevents	 ﾠhas	 ﾠreceived	 ﾠlittle	 ﾠattention.	 ﾠThe	 ﾠfew	 ﾠstudies	 ﾠthat	 ﾠused	 ﾠfull	 ﾠ
ocean	 ﾠGeneral	 ﾠCirculation	 ﾠModels	 ﾠ(GCMs)	 ﾠconcentrated	 ﾠmostly	 ﾠon	 ﾠthe	 ﾠocean	 ﾠrole	 ﾠin	 ﾠSnowball	 ﾠ
initiation	 ﾠand	 ﾠaftermath20,	 ﾠ21.	 ﾠNone	 ﾠof	 ﾠthese	 ﾠstudied	 ﾠaccounted	 ﾠfor	 ﾠthe	 ﾠcombined	 ﾠeffects	 ﾠof	 ﾠthick	 ﾠ
ice	 ﾠcover	 ﾠflow	 ﾠand	 ﾠdriving	 ﾠby	 ﾠgeothermal	 ﾠheating11,13,22,23,	 ﾠyet11	 ﾠ
simulated	 ﾠan	 ﾠocean	 ﾠunder	 ﾠa	 ﾠ
200	 ﾠm	 ﾠthick	 ﾠice	 ﾠcover	 ﾠwith	 ﾠno	 ﾠgeothermal	 ﾠheat	 ﾠflux,	 ﾠand	 ﾠcalculated	 ﾠa	 ﾠnon	 ﾠsteady-ﾭ‐state	 ﾠsolution	 ﾠ
with	 ﾠnear-ﾭ‐uniform	 ﾠtemperature	 ﾠand	 ﾠsalinity,	 ﾠand	 ﾠvanishing	 ﾠEulerian	 ﾠcirculation	 ﾠtogether	 ﾠwith	 ﾠ
a	 ﾠstrong	 ﾠparameterized	 ﾠeddy-ﾭ‐induced	 ﾠhigh	 ﾠlatitude	 ﾠcirculation	 ﾠcells.	 ﾠ	 ﾠ
To	 ﾠallow	 ﾠsimulating	 ﾠthe	 ﾠspecial	 ﾠcircumstances	 ﾠduring	 ﾠSnowball	 ﾠevents,	 ﾠwe	 ﾠuse	 ﾠa	 ﾠnovel	 ﾠcoupled	 ﾠ
ocean-ﾭ‐thick	 ﾠice	 ﾠflow	 ﾠmodel	 ﾠ(Methods	 ﾠSummary	 ﾠsection,	 ﾠand	 ﾠon-ﾭ‐line	 ﾠMethods	 ﾠSection,	 ﾠtogether	 ﾠ
referred	 ﾠto	 ﾠhereafter	 ﾠas	 ﾠMS).	 ﾠWe	 ﾠbegin	 ﾠby	 ﾠexploring	 ﾠthe	 ﾠsnowball	 ﾠcirculation	 ﾠusing	 ﾠan	 ﾠeasier	 ﾠto	 ﾠ
understand	 ﾠ2D	 ﾠ(latitude-ﾭ‐depth)	 ﾠocean	 ﾠmodel	 ﾠwith	 ﾠno	 ﾠcontinents.	 ﾠThe	 ﾠresults	 ﾠpoint	 ﾠto	 ﾠthe	 ﾠ
importance	 ﾠof	 ﾠocean	 ﾠeddy	 ﾠmotions,	 ﾠand	 ﾠgiven	 ﾠthat	 ﾠthese	 ﾠhave	 ﾠnever	 ﾠbeen	 ﾠstudied	 ﾠfor	 ﾠa	 ﾠ
snowball	 ﾠocean,	 ﾠwe	 ﾠinvestigate	 ﾠthem	 ﾠusing	 ﾠa	 ﾠhigh	 ﾠresolution	 ﾠsector	 ﾠocean	 ﾠmodel.	 ﾠFinally,	 ﾠwe	 ﾠ
consider	 ﾠa	 ﾠnear-ﾭ‐global	 ﾠ3D	 ﾠocean	 ﾠmodel	 ﾠwith	 ﾠreconstructed	 ﾠNeoproterozoic	 ﾠcontinental	 ﾠ
geometry	 ﾠto	 ﾠverify	 ﾠthat	 ﾠour	 ﾠinsights	 ﾠremain	 ﾠvalid	 ﾠin	 ﾠthis	 ﾠmore	 ﾠrealistic	 ﾠconfiguration.	 ﾠ	 ﾠConsider	 ﾠfirst	 ﾠthe	 ﾠzonally	 ﾠaveraged	 ﾠtemperature,	 ﾠsalinity	 ﾠand	 ﾠcirculation,	 ﾠincluding	 ﾠthe	 ﾠ
meridional	 ﾠoverturning	 ﾠcirculation	 ﾠ(MOC).	 ﾠFig.	 ﾠ1	 ﾠshows	 ﾠsteady	 ﾠstate	 ﾠresults	 ﾠfrom	 ﾠa	 ﾠ2D	 ﾠ
(latitude-ﾭ‐depth)	 ﾠversion	 ﾠof	 ﾠthe	 ﾠocean	 ﾠmodel	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ1D	 ﾠ(latitude)	 ﾠice	 ﾠflow	 ﾠmodel,	 ﾠdriven	 ﾠ
by	 ﾠgeothermal	 ﾠheating	 ﾠ(∼	 ﾠ0.1	 ﾠW/m2)	 ﾠthat	 ﾠis	 ﾠenhanced	 ﾠover	 ﾠa	 ﾠprescribed	 ﾠbottom	 ﾠridge	 ﾠ(Fig.	 ﾠSI-ﾭ‐2	 ﾠ
in	 ﾠon-ﾭ‐line	 ﾠSupplementary	 ﾠInformation).	 ﾠWe	 ﾠassume	 ﾠland	 ﾠice	 ﾠat	 ﾠa	 ﾠvolume	 ﾠequivalent	 ﾠto	 ﾠabout	 ﾠ1	 ﾠ
km	 ﾠof	 ﾠsea	 ﾠlevel	 ﾠ(MS),	 ﾠand	 ﾠour	 ﾠmodel	 ﾠpredicts	 ﾠthat	 ﾠthe	 ﾠupper	 ﾠ∼1	 ﾠkm	 ﾠof	 ﾠthe	 ﾠocean	 ﾠis	 ﾠfrozen	 ﾠas	 ﾠ
well.	 ﾠConcentrating	 ﾠsalt	 ﾠin	 ﾠa	 ﾠsignificantly	 ﾠlower	 ﾠocean	 ﾠvolume	 ﾠresults	 ﾠin	 ﾠocean	 ﾠsalinity	 ﾠthat	 ﾠis	 ﾠ
significantly	 ﾠhigher	 ﾠthan	 ﾠthat	 ﾠof	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠ(Fig.	 ﾠ1b).	 ﾠThe	 ﾠhigh	 ﾠsalinity	 ﾠand	 ﾠhigh	 ﾠpressure	 ﾠ
at	 ﾠthe	 ﾠbottom	 ﾠof	 ﾠthe	 ﾠice	 ﾠlower	 ﾠthe	 ﾠfreezing	 ﾠtemperature	 ﾠto	 ﾠ∼−3.5◦C,	 ﾠexplaining	 ﾠthe	 ﾠcold	 ﾠ
temperature	 ﾠfield	 ﾠ(Fig.	 ﾠ1a).	 ﾠVariations	 ﾠin	 ﾠtemperature	 ﾠand	 ﾠsalinity	 ﾠare	 ﾠfairly	 ﾠweak11,	 ﾠas	 ﾠ
expected	 ﾠgiven	 ﾠthe	 ﾠinsulating	 ﾠthick	 ﾠice	 ﾠcover	 ﾠand	 ﾠweak	 ﾠgeothermal	 ﾠheat	 ﾠforcing.	 ﾠ	 ﾠ
The	 ﾠenhanced	 ﾠgeothermal	 ﾠheat	 ﾠflux	 ﾠover	 ﾠthe	 ﾠridge	 ﾠacts	 ﾠto	 ﾠcreate	 ﾠlow-ﾭ‐density	 ﾠwater	 ﾠat	 ﾠthe	 ﾠ
ocean	 ﾠbottom,	 ﾠand	 ﾠtherefore	 ﾠleads	 ﾠto	 ﾠconvective	 ﾠvertical	 ﾠmixing	 ﾠthat	 ﾠmakes	 ﾠthe	 ﾠtemperature	 ﾠ
and	 ﾠsalinity	 ﾠeffectively	 ﾠvertically	 ﾠuniform	 ﾠnearly	 ﾠeverywhere,	 ﾠcreating	 ﾠa	 ﾠwater-ﾭ‐mass	 ﾠpattern	 ﾠ
that	 ﾠis	 ﾠcompletely	 ﾠdifferent	 ﾠfrom	 ﾠthat	 ﾠexpected	 ﾠduring	 ﾠany	 ﾠother	 ﾠperiod	 ﾠin	 ﾠEarth	 ﾠhistory	 ﾠ(Figs.	 ﾠ
1a,b).	 ﾠNear	 ﾠthe	 ﾠenhanced	 ﾠgeothermal	 ﾠheating	 ﾠover	 ﾠthe	 ﾠridge	 ﾠ(bounded	 ﾠby	 ﾠthe	 ﾠthick	 ﾠcontour	 ﾠin	 ﾠ
Figs.	 ﾠ1a,b),	 ﾠthere	 ﾠis	 ﾠa	 ﾠweakly	 ﾠstable	 ﾠstratification	 ﾠdue	 ﾠto	 ﾠmelt	 ﾠwater	 ﾠproduction	 ﾠover	 ﾠthe	 ﾠ
enhanced	 ﾠheating.	 ﾠ	 ﾠ
The	 ﾠMOC	 ﾠ(Fig.	 ﾠ1d)	 ﾠis	 ﾠsurprisingly	 ﾠstrong	 ﾠand	 ﾠis	 ﾠconfined	 ﾠto	 ﾠaround	 ﾠthe	 ﾠequator,	 ﾠvery	 ﾠdifferent	 ﾠ
from	 ﾠthe	 ﾠhigh-ﾭ‐latitude	 ﾠpresent-ﾭ‐day	 ﾠMOC.	 ﾠThe	 ﾠmeridional	 ﾠvelocity,	 ﾠwhich	 ﾠtogether	 ﾠwith	 ﾠthe	 ﾠ
vertical	 ﾠvelocity	 ﾠcomposes	 ﾠthe	 ﾠMOC,	 ﾠtherefore	 ﾠdecays	 ﾠvery	 ﾠrapidly	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠequator.	 ﾠThe	 ﾠ
most	 ﾠprominent	 ﾠfeature	 ﾠin	 ﾠthe	 ﾠzonal	 ﾠvelocity	 ﾠfield	 ﾠis	 ﾠthe	 ﾠtwo	 ﾠstrong	 ﾠjet-ﾭ‐like	 ﾠflows	 ﾠnear	 ﾠthe	 ﾠ
equator,	 ﾠflowing	 ﾠat	 ﾠopposite	 ﾠdirections	 ﾠon	 ﾠthe	 ﾠtwo	 ﾠsides	 ﾠof	 ﾠthe	 ﾠequator,	 ﾠand	 ﾠdecaying	 ﾠslowly	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠequator	 ﾠ(Fig.	 ﾠ1c).	 ﾠThe	 ﾠzonal	 ﾠvelocity	 ﾠin	 ﾠthe	 ﾠhigher	 ﾠlatitudes,	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠ
equatorial	 ﾠjet-ﾭ‐like	 ﾠstructures,	 ﾠis	 ﾠgenerally	 ﾠeastward	 ﾠthroughout	 ﾠmost	 ﾠof	 ﾠthe	 ﾠwater	 ﾠcolumn	 ﾠ
apart	 ﾠfrom	 ﾠnear	 ﾠthe	 ﾠbottom.	 ﾠThis	 ﾠeastward	 ﾠmid-ﾭ‐to	 ﾠhigh-ﾭ‐latitude	 ﾠvelocity	 ﾠis	 ﾠin	 ﾠgeostrophic	 ﾠ
equilibrium	 ﾠbetween	 ﾠthe	 ﾠCoriolis	 ﾠforce	 ﾠand	 ﾠthe	 ﾠpressure	 ﾠgradient,	 ﾠand	 ﾠis	 ﾠdriven	 ﾠby	 ﾠthe	 ﾠlarge-ﾭ‐
scale	 ﾠmeridional	 ﾠdensity	 ﾠand	 ﾠtherefore	 ﾠpressure	 ﾠgradient	 ﾠthat	 ﾠis	 ﾠa	 ﾠconsequence	 ﾠof	 ﾠheating	 ﾠand	 ﾠ
melting	 ﾠover	 ﾠthe	 ﾠridge	 ﾠwhich	 ﾠlower	 ﾠthe	 ﾠdensity	 ﾠthere	 ﾠ(MS).	 ﾠ	 ﾠ
To	 ﾠunderstand	 ﾠthe	 ﾠequatorial	 ﾠzonal	 ﾠflows	 ﾠand	 ﾠMOC,	 ﾠnote	 ﾠthat	 ﾠtheir	 ﾠdominant	 ﾠmomentum	 ﾠ
balance	 ﾠis	 ﾠgeostrophic	 ﾠin	 ﾠthe	 ﾠnorth-ﾭ‐south	 ﾠdirection,	 ﾠand	 ﾠhydrostatic	 ﾠin	 ﾠthe	 ﾠvertical,	 ﾠas	 ﾠis	 ﾠthe	 ﾠ
case	 ﾠin	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠocean.	 ﾠThe	 ﾠeast-ﾭ‐west	 ﾠmomentum	 ﾠbalance,	 ﾠhowever,	 ﾠis	 ﾠbetween	 ﾠthe	 ﾠ
Coriolis	 ﾠforce	 ﾠand	 ﾠeddy	 ﾠ(turbulent)	 ﾠviscosity,	 ﾠwhich	 ﾠis	 ﾠnegligible	 ﾠin	 ﾠmost	 ﾠof	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠ
ocean.	 ﾠThe	 ﾠdominant	 ﾠmomentum	 ﾠbalances	 ﾠare	 ﾠtherefore,	 ﾠ	 ﾠ
€ 
−fv =νhuyy,	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ
€ 
fu = −py /ρ0,	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ
€ 
pz = −gρ,	 ﾠ
where	 ﾠthe	 ﾠ(east,	 ﾠnorth,	 ﾠvertical)	 ﾠcoordinates	 ﾠand	 ﾠvelocities	 ﾠare	 ﾠdenoted	 ﾠ(x,	 ﾠy,	 ﾠz)	 ﾠand	 ﾠ(u,	 ﾠv,	 ﾠw),	 ﾠg	 ﾠ
is	 ﾠgravitational	 ﾠacceleration,	 ﾠνh	 ﾠ=2×104	 ﾠ
m2s−1	 ﾠ
the	 ﾠhorizontal	 ﾠeddy	 ﾠviscosity	 ﾠcoefficient,	 ﾠf	 ﾠ≈	 ﾠβy	 ﾠis	 ﾠ
the	 ﾠCoriolis	 ﾠparameter	 ﾠusing	 ﾠthe	 ﾠequatorial	 ﾠβ	 ﾠplane	 ﾠapproximation,	 ﾠρ	 ﾠis	 ﾠthe	 ﾠdensity,	 ﾠρ0	 ﾠa	 ﾠ
reference	 ﾠdensity,	 ﾠand	 ﾠp	 ﾠis	 ﾠthe	 ﾠpressure.	 ﾠThe	 ﾠmeridional	 ﾠscale	 ﾠobtained	 ﾠfrom	 ﾠthe	 ﾠzonal	 ﾠ
momentum	 ﾠequation	 ﾠis	 ﾠL	 ﾠ∼	 ﾠ(νh/β)1/3	 ﾠ
∼	 ﾠ100	 ﾠkm,	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠextent	 ﾠof	 ﾠthe	 ﾠMOC	 ﾠin	 ﾠthe	 ﾠ
numerical	 ﾠsolution.	 ﾠAssuming	 ﾠthe	 ﾠmeridional	 ﾠpressure	 ﾠgradient	 ﾠset	 ﾠby	 ﾠthe	 ﾠdifferential	 ﾠ
geothermal	 ﾠheating	 ﾠto	 ﾠbe	 ﾠapproximately	 ﾠconstant	 ﾠin	 ﾠlatitude	 ﾠnear	 ﾠthe	 ﾠequator,	 ﾠwe	 ﾠcan	 ﾠsolve	 ﾠ
the	 ﾠabove	 ﾠequations	 ﾠ(MS)	 ﾠto	 ﾠfind	 ﾠ	 ﾠ
€ 
u ~ gρy z+ H/2 ( )/ βρ0 ( )
1
y
,	 ﾠ	 ﾠ	 ﾠ	 ﾠ
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4 ,	 ﾠwhere	 ﾠH	 ﾠis	 ﾠthe	 ﾠocean	 ﾠdepth.	 ﾠThe	 ﾠmore	 ﾠrapid	 ﾠdecay	 ﾠof	 ﾠthe	 ﾠmeridional	 ﾠvelocity	 ﾠv	 ﾠas	 ﾠfunction	 ﾠof	 ﾠ
latitude	 ﾠy	 ﾠin	 ﾠthese	 ﾠexpressions	 ﾠexplains	 ﾠwhy	 ﾠthe	 ﾠMOC	 ﾠis	 ﾠrestricted	 ﾠto	 ﾠthe	 ﾠequatorial	 ﾠregion,	 ﾠ
while	 ﾠthe	 ﾠequatorial	 ﾠzonal	 ﾠflows	 ﾠ(u)	 ﾠextend	 ﾠfarther	 ﾠpoleward.	 ﾠThese	 ﾠsolutions	 ﾠalso	 ﾠpredict	 ﾠthat	 ﾠ
u	 ﾠchanges	 ﾠsign	 ﾠacross	 ﾠthe	 ﾠequator	 ﾠ(where	 ﾠy=0)	 ﾠbut	 ﾠv	 ﾠdoes	 ﾠnot,	 ﾠand	 ﾠalso	 ﾠthat	 ﾠboth	 ﾠhorizontal	 ﾠ
velocities	 ﾠchange	 ﾠsign	 ﾠwith	 ﾠdepth,	 ﾠat	 ﾠz	 ﾠ=	 ﾠ−H/2,	 ﾠall	 ﾠremarkably	 ﾠconsistent	 ﾠwith	 ﾠFigs.	 ﾠ1c,d.	 ﾠ	 ﾠ
The	 ﾠice	 ﾠthickness	 ﾠin	 ﾠthese	 ﾠsolutions	 ﾠ(Fig.	 ﾠ1e)	 ﾠis	 ﾠquite	 ﾠuniform,	 ﾠvarying	 ﾠfrom	 ﾠ1120	 ﾠto	 ﾠ1200	 ﾠm,	 ﾠ
due	 ﾠto	 ﾠthe	 ﾠhomogenizing	 ﾠeffect	 ﾠof	 ﾠthe	 ﾠice	 ﾠflow6,	 ﾠconsistent	 ﾠwith	 ﾠprevious	 ﾠstudies7,	 ﾠ15.	 ﾠHigh	 ﾠ
latitude	 ﾠbasal	 ﾠfreezing	 ﾠand	 ﾠlow	 ﾠlatitude	 ﾠmelting	 ﾠrates	 ﾠare	 ﾠbalanced	 ﾠby	 ﾠan	 ﾠequatorward	 ﾠice	 ﾠflow	 ﾠ
and	 ﾠare	 ﾠcomparable	 ﾠto,	 ﾠif	 ﾠnot	 ﾠlarger	 ﾠthan,	 ﾠthe	 ﾠice	 ﾠsurface	 ﾠsublimation	 ﾠand	 ﾠprecipitation	 ﾠrates	 ﾠ
(Fig.	 ﾠ1f).	 ﾠThese	 ﾠrates	 ﾠare	 ﾠquite	 ﾠdifferent	 ﾠfrom	 ﾠprevious	 ﾠestimates	 ﾠthat	 ﾠignored	 ﾠocean	 ﾠ
dynamics7,	 ﾠhighlighting	 ﾠthe	 ﾠimportant	 ﾠrole	 ﾠof	 ﾠocean	 ﾠdynamics.	 ﾠ	 ﾠ
The	 ﾠabove	 ﾠ2D	 ﾠmodel	 ﾠpredicts	 ﾠthe	 ﾠocean	 ﾠturbulent	 ﾠeddy	 ﾠfield	 ﾠto	 ﾠplay	 ﾠa	 ﾠdominant	 ﾠrole	 ﾠin	 ﾠthe	 ﾠ
momentum	 ﾠbudget,	 ﾠvia	 ﾠits	 ﾠparameterization	 ﾠby	 ﾠthe	 ﾠhorizontal	 ﾠeddy	 ﾠviscosity	 ﾠνh.	 ﾠSnowball	 ﾠeddy	 ﾠ
motions	 ﾠhave	 ﾠnever	 ﾠbeen	 ﾠstudied	 ﾠbefore,	 ﾠand	 ﾠto	 ﾠexamine	 ﾠthem,	 ﾠwe	 ﾠconsider	 ﾠthe	 ﾠresults	 ﾠof	 ﾠa	 ﾠ
high	 ﾠresolution	 ﾠmodel	 ﾠshown	 ﾠin	 ﾠFig.	 ﾠ2.	 ﾠThis	 ﾠmodel	 ﾠdemonstrates	 ﾠthat	 ﾠthe	 ﾠsolution	 ﾠfor	 ﾠthe	 ﾠ
ocean	 ﾠcirculation	 ﾠis	 ﾠsurprisingly	 ﾠturbulent	 ﾠand	 ﾠtime-ﾭ‐dependent,	 ﾠfar	 ﾠfrom	 ﾠthe	 ﾠstagnant	 ﾠ
snowball	 ﾠocean	 ﾠone	 ﾠmight	 ﾠenvision	 ﾠgiven	 ﾠthe	 ﾠlack	 ﾠof	 ﾠwind	 ﾠforcing	 ﾠand	 ﾠair-ﾭ‐sea	 ﾠfluxes.	 ﾠThe	 ﾠzonal	 ﾠ
velocity	 ﾠfield	 ﾠ(Figs.	 ﾠ2c,f)	 ﾠshows	 ﾠseveral	 ﾠstrong	 ﾠjets	 ﾠoff	 ﾠthe	 ﾠequator,	 ﾠin	 ﾠaddition	 ﾠto	 ﾠthe	 ﾠtwo	 ﾠ
equatorial	 ﾠjets	 ﾠseen	 ﾠin	 ﾠthe	 ﾠ2D	 ﾠsolution.	 ﾠThese	 ﾠjets,	 ﾠreminiscent	 ﾠof	 ﾠthose	 ﾠseen	 ﾠin	 ﾠthe	 ﾠatmosphere	 ﾠ
of	 ﾠJupiter,	 ﾠarise	 ﾠfrom	 ﾠthe	 ﾠaction	 ﾠof	 ﾠthe	 ﾠeddies.	 ﾠThat	 ﾠis,	 ﾠthe	 ﾠequatorial	 ﾠflows	 ﾠare	 ﾠunstable	 ﾠand	 ﾠ
generate	 ﾠeddies;	 ﾠthe	 ﾠmeridional	 ﾠconvergence	 ﾠof	 ﾠeddy	 ﾠmomentum	 ﾠfluxes,	 ﾠ
€ 
∂u'v'/∂y	 ﾠgenerates	 ﾠ
additional	 ﾠjets	 ﾠoff	 ﾠthe	 ﾠequator	 ﾠ(Fig.	 ﾠ2f),	 ﾠwhich	 ﾠagain	 ﾠare	 ﾠunstable	 ﾠand	 ﾠfeedback	 ﾠon	 ﾠthe	 ﾠeddies	 ﾠ
which	 ﾠsustain	 ﾠthe	 ﾠjets24.	 ﾠ	 ﾠThe	 ﾠhigh	 ﾠresolution	 ﾠrun	 ﾠalso	 ﾠshows	 ﾠa	 ﾠwarm	 ﾠarea	 ﾠto	 ﾠthe	 ﾠnorthwest	 ﾠof	 ﾠthe	 ﾠland	 ﾠmass,	 ﾠwhich	 ﾠ
leads	 ﾠto	 ﾠlocal	 ﾠmelting	 ﾠrates	 ﾠof	 ﾠup	 ﾠto	 ﾠ10	 ﾠcm/year	 ﾠ(Fig.	 ﾠ2e),	 ﾠabout	 ﾠten	 ﾠtimes	 ﾠlarger	 ﾠthan	 ﾠthe	 ﾠ
maximum	 ﾠmelting	 ﾠrates	 ﾠcalculated	 ﾠby	 ﾠcoarse	 ﾠmodel	 ﾠruns6,	 ﾠ7.	 ﾠThis	 ﾠwarmer	 ﾠarea	 ﾠis	 ﾠdue	 ﾠto	 ﾠa	 ﾠ
concentrated	 ﾠcoastal	 ﾠupwelling	 ﾠof	 ﾠdeep	 ﾠwater	 ﾠheated	 ﾠby	 ﾠgeothermal	 ﾠheating.	 ﾠThe	 ﾠupwelling	 ﾠ
occurs	 ﾠin	 ﾠresponse	 ﾠto	 ﾠthe	 ﾠequatorial	 ﾠzonal	 ﾠflow	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠcontinent.	 ﾠThe	 ﾠdeep	 ﾠheating	 ﾠis	 ﾠ
allowed	 ﾠby	 ﾠa	 ﾠvery	 ﾠweak	 ﾠlocal	 ﾠsalinity-ﾭ‐induced	 ﾠstratification	 ﾠdue	 ﾠto	 ﾠgeothermally	 ﾠdriven	 ﾠice	 ﾠ
melting	 ﾠ(similar	 ﾠto	 ﾠthat	 ﾠseen	 ﾠover	 ﾠthe	 ﾠridge	 ﾠin	 ﾠFig.	 ﾠ1b).	 ﾠWhile	 ﾠintriguing,	 ﾠwe	 ﾠcannot	 ﾠuse	 ﾠthis	 ﾠ
large	 ﾠmelting	 ﾠrate	 ﾠto	 ﾠconclusively	 ﾠdeduce	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠthin	 ﾠice	 ﾠor	 ﾠopen	 ﾠwater	 ﾠlocally	 ﾠnear	 ﾠ
continents	 ﾠas	 ﾠsuggested	 ﾠby	 ﾠsome	 ﾠobservations10,	 ﾠand	 ﾠexplain	 ﾠthe	 ﾠsurvival	 ﾠof	 ﾠphotosynthetic	 ﾠ
life	 ﾠduring	 ﾠglobal	 ﾠSnowball	 ﾠEarth8,9,15,25.	 ﾠThe	 ﾠexplicitly	 ﾠresolved	 ﾠeddy	 ﾠfield	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
estimate	 ﾠa	 ﾠmixing	 ﾠtime	 ﾠscale	 ﾠfrom	 ﾠlow	 ﾠto	 ﾠhigh	 ﾠlatitudes	 ﾠof	 ﾠ∼	 ﾠ500	 ﾠyears	 ﾠ(MS),	 ﾠnot	 ﾠvery	 ﾠdifferent	 ﾠ
from	 ﾠpresent-ﾭ‐day	 ﾠbasin-ﾭ‐scale	 ﾠmixing	 ﾠrates.	 ﾠ	 ﾠ
Finally,	 ﾠa	 ﾠ3D	 ﾠocean	 ﾠsolution	 ﾠwith	 ﾠa	 ﾠrealistic	 ﾠcontinental	 ﾠconfiguration	 ﾠsupports	 ﾠthe	 ﾠresults	 ﾠof	 ﾠ
the	 ﾠ2D	 ﾠmodel	 ﾠ(Figs.	 ﾠ3a,b	 ﾠand	 ﾠSI-ﾭ‐3).	 ﾠThe	 ﾠzonally	 ﾠaveraged	 ﾠfields	 ﾠ(Fig.	 ﾠSI-ﾭ‐3),	 ﾠequatorial	 ﾠzonal	 ﾠjets,	 ﾠ
large-ﾭ‐scale	 ﾠwestward	 ﾠflows	 ﾠin	 ﾠthe	 ﾠhigher	 ﾠlatitudes,	 ﾠexistence	 ﾠof	 ﾠan	 ﾠequatorial	 ﾠMOC,	 ﾠand	 ﾠthe	 ﾠ
vertically	 ﾠuniform	 ﾠtemperature,	 ﾠsalinity	 ﾠand	 ﾠdensity	 ﾠin	 ﾠmost	 ﾠareas	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠenhanced	 ﾠ
geothermal	 ﾠheating,	 ﾠare	 ﾠall	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠ2D	 ﾠsolution	 ﾠdiscussed	 ﾠabove.	 ﾠDifferences	 ﾠfrom	 ﾠ
the	 ﾠ2D	 ﾠcase	 ﾠinclude	 ﾠa	 ﾠweaker	 ﾠsalinity	 ﾠrange	 ﾠdue	 ﾠto	 ﾠthe	 ﾠconcentrated	 ﾠgeothermal	 ﾠheating	 ﾠregion	 ﾠ
being	 ﾠconfined	 ﾠand	 ﾠtherefore	 ﾠweaker	 ﾠin	 ﾠthe	 ﾠ3D	 ﾠcase	 ﾠ(spatial	 ﾠaverage	 ﾠis	 ﾠ0.1	 ﾠW	 ﾠm−2	 ﾠ
in	 ﾠboth);	 ﾠthe	 ﾠ
equatorial	 ﾠMOC	 ﾠis	 ﾠcomposed	 ﾠof	 ﾠtwo	 ﾠcells	 ﾠdue	 ﾠto	 ﾠthe	 ﾠmore	 ﾠcomplex	 ﾠcontinental	 ﾠand	 ﾠgeothermal	 ﾠ
heating	 ﾠconfiguration.	 ﾠLike	 ﾠthe	 ﾠhigh	 ﾠresolution	 ﾠmodel	 ﾠdiscussed	 ﾠabove,	 ﾠthe	 ﾠglobal	 ﾠ3D	 ﾠsolution	 ﾠ
in	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠcontinents	 ﾠshows	 ﾠupwelling	 ﾠand	 ﾠdownwelling	 ﾠwherever	 ﾠthe	 ﾠequatorial	 ﾠ
zonal	 ﾠjets	 ﾠencounter	 ﾠcontinents.	 ﾠThis	 ﾠupwelling	 ﾠis	 ﾠpossible	 ﾠdue	 ﾠthe	 ﾠweak	 ﾠstratification	 ﾠof	 ﾠthe	 ﾠsnowball	 ﾠocean,	 ﾠwhile	 ﾠin	 ﾠan	 ﾠocean	 ﾠwith	 ﾠpresent-ﾭ‐day	 ﾠlike	 ﾠstratification	 ﾠthese	 ﾠjets	 ﾠwould	 ﾠbe	 ﾠ
diverted	 ﾠsideways	 ﾠvia	 ﾠhorizontal	 ﾠboundary	 ﾠcurrents.	 ﾠ	 ﾠ
The	 ﾠweakly	 ﾠstratified,	 ﾠconvectively	 ﾠmixed	 ﾠocean,	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠstrong	 ﾠcoastal	 ﾠupwelling,	 ﾠ
strong	 ﾠequatorial	 ﾠMOC,	 ﾠand	 ﾠwell	 ﾠdeveloped	 ﾠeddy	 ﾠfield	 ﾠfound	 ﾠhere,	 ﾠall	 ﾠimply	 ﾠthat	 ﾠthe	 ﾠdeep	 ﾠand	 ﾠ
surface	 ﾠocean	 ﾠare	 ﾠstrongly	 ﾠlinked	 ﾠin	 ﾠa	 ﾠsnowball	 ﾠscenario,	 ﾠunlike	 ﾠin	 ﾠthe	 ﾠwell-ﾭ‐stratified	 ﾠpresent-ﾭ‐
day	 ﾠocean.	 ﾠThe	 ﾠwell-ﾭ‐mixed	 ﾠsnowball	 ﾠocean11	 ﾠ
has	 ﾠseveral	 ﾠinteresting	 ﾠgeochemical	 ﾠimplications.	 ﾠ
First,	 ﾠif	 ﾠthere	 ﾠare	 ﾠareas	 ﾠof	 ﾠphotosynthesis	 ﾠunder	 ﾠa	 ﾠlocal	 ﾠpatch	 ﾠof	 ﾠthin	 ﾠice,	 ﾠmixing	 ﾠor	 ﾠupwelling	 ﾠ
are	 ﾠneeded	 ﾠto	 ﾠresupply	 ﾠlimiting	 ﾠnutrients,	 ﾠas	 ﾠa	 ﾠweakly	 ﾠmixed	 ﾠocean	 ﾠwould	 ﾠlead	 ﾠto	 ﾠthe	 ﾠ
exhaustion	 ﾠof	 ﾠthe	 ﾠlocal	 ﾠnutrient	 ﾠpool	 ﾠand	 ﾠproductivity	 ﾠwould	 ﾠend.	 ﾠSecond,	 ﾠthe	 ﾠreturn	 ﾠof	 ﾠbanded	 ﾠ
iron	 ﾠformations	 ﾠ(BIFs)	 ﾠafter	 ﾠa	 ﾠbillion	 ﾠyear	 ﾠabsence	 ﾠis	 ﾠan	 ﾠiconic	 ﾠfeature	 ﾠof	 ﾠNeoproterozoic	 ﾠ
glaciation	 ﾠoften	 ﾠattributed	 ﾠto	 ﾠstagnant	 ﾠsnowball	 ﾠdeep	 ﾠwater3.	 ﾠAssuming	 ﾠthat	 ﾠmelt	 ﾠwater	 ﾠwas	 ﾠ
derived	 ﾠfrom	 ﾠland	 ﾠice	 ﾠthat	 ﾠcontained	 ﾠair	 ﾠbubbles	 ﾠof	 ﾠan	 ﾠoxygenated	 ﾠatmosphere,	 ﾠone	 ﾠmight	 ﾠ
expect	 ﾠthat	 ﾠwith	 ﾠenhanced	 ﾠmelting	 ﾠand	 ﾠa	 ﾠstrongly	 ﾠmixed	 ﾠocean,	 ﾠiron	 ﾠconcentrations	 ﾠcould	 ﾠnot	 ﾠ
rise	 ﾠsufficiently	 ﾠto	 ﾠdeposit	 ﾠBIFs.	 ﾠHowever,	 ﾠNeoproterozoic	 ﾠBIFs,	 ﾠunlike	 ﾠArchean	 ﾠand	 ﾠ
Paleoproterozoic	 ﾠones,	 ﾠare	 ﾠnot	 ﾠbroadly	 ﾠdistributed26.	 ﾠInstead,	 ﾠthey	 ﾠform	 ﾠirregular	 ﾠlenticular	 ﾠ
bodies	 ﾠwithin	 ﾠglacial	 ﾠdeposits,	 ﾠand	 ﾠare	 ﾠfound	 ﾠpredominantly	 ﾠin	 ﾠjuvenile	 ﾠrift	 ﾠbasins	 ﾠin	 ﾠclose	 ﾠ
association	 ﾠwith	 ﾠvolcanic	 ﾠrocks,	 ﾠanalogous	 ﾠto	 ﾠthe	 ﾠRed	 ﾠSea,	 ﾠwhere	 ﾠiron	 ﾠis	 ﾠsupplied	 ﾠby	 ﾠ
hydrothermal	 ﾠfluids27.	 ﾠSuch	 ﾠrift	 ﾠbasins	 ﾠare	 ﾠsomewhat	 ﾠisolated	 ﾠfrom	 ﾠthe	 ﾠrest	 ﾠof	 ﾠthe	 ﾠwell-ﾭ‐mixed	 ﾠ
ocean,	 ﾠallowing	 ﾠthe	 ﾠbuildup	 ﾠof	 ﾠiron	 ﾠlevels	 ﾠand	 ﾠformation	 ﾠof	 ﾠBIFs,	 ﾠnot	 ﾠinconsistent	 ﾠwith	 ﾠour	 ﾠ
results	 ﾠshowing	 ﾠa	 ﾠwell-ﾭ‐mixed	 ﾠocean.	 ﾠ	 ﾠ
Our	 ﾠfindings	 ﾠsuggest	 ﾠthat	 ﾠbeneath	 ﾠthe	 ﾠSnowball	 ﾠice-ﾭ‐cover,	 ﾠthe	 ﾠNeoproterozoic	 ﾠoceans	 ﾠwere	 ﾠ
dynamic,	 ﾠwell	 ﾠmixed11,	 ﾠspatially	 ﾠand	 ﾠtemporally	 ﾠvariable,	 ﾠand	 ﾠfar	 ﾠfrom	 ﾠa	 ﾠstagnant	 ﾠpool.	 ﾠThese	 ﾠ
ocean	 ﾠdynamics	 ﾠinsights	 ﾠopen	 ﾠthe	 ﾠway	 ﾠto	 ﾠa	 ﾠreinterpretation	 ﾠof	 ﾠsome	 ﾠgeochemical,	 ﾠsedimentary	 ﾠand	 ﾠpaleontological	 ﾠobservations,	 ﾠpossibly	 ﾠcontributing	 ﾠto	 ﾠthe	 ﾠdebate	 ﾠon	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠa	 ﾠ
global	 ﾠice	 ﾠcover	 ﾠand	 ﾠto	 ﾠour	 ﾠunderstanding	 ﾠof	 ﾠthis	 ﾠvery	 ﾠspecial	 ﾠtime	 ﾠin	 ﾠEarth’s	 ﾠhistory.	 ﾠ	 ﾠ
Methods	 ﾠsummary	 ﾠ	 ﾠ
Our	 ﾠmodel	 ﾠcouples	 ﾠthe	 ﾠstate-ﾭ‐of-ﾭ‐the-ﾭ‐art	 ﾠocean	 ﾠgeneral	 ﾠcirculation	 ﾠmodel,	 ﾠMITgcm28,	 ﾠwhich	 ﾠcan	 ﾠ
simulate	 ﾠthick	 ﾠice	 ﾠshelves29,	 ﾠwith	 ﾠa	 ﾠrecently	 ﾠdeveloped	 ﾠtwo-ﾭ‐dimensional	 ﾠ(2D,	 ﾠlatitude-ﾭ‐
longitude)	 ﾠice	 ﾠflow	 ﾠmodel15,	 ﾠextending	 ﾠprevious	 ﾠ1D	 ﾠflow	 ﾠmodels6,7.	 ﾠThe	 ﾠmodel	 ﾠis	 ﾠrun	 ﾠhere	 ﾠin	 ﾠ
three	 ﾠconfigurations:	 ﾠ2D	 ﾠ(latitude-ﾭ‐depth)	 ﾠocean	 ﾠmodel	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ1D	 ﾠ(latitude)	 ﾠice	 ﾠflow	 ﾠ
model,	 ﾠhigh	 ﾠresolution	 ﾠ(1/8
◦)	 ﾠsector	 ﾠmodel	 ﾠwith	 ﾠprescribed	 ﾠuniform	 ﾠice	 ﾠcover,	 ﾠand	 ﾠa	 ﾠ3D	 ﾠglobal	 ﾠ
model	 ﾠwith	 ﾠreconstructed	 ﾠNeoproterozoic	 ﾠcontinental	 ﾠconfiguration	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ2D	 ﾠice	 ﾠflow	 ﾠ
model.	 ﾠA	 ﾠgeothermal	 ﾠheat	 ﾠflux	 ﾠis	 ﾠprescribed	 ﾠin	 ﾠall	 ﾠthree	 ﾠversions	 ﾠat	 ﾠthe	 ﾠbottom	 ﾠof	 ﾠthe	 ﾠocean	 ﾠ
(Fig.	 ﾠSI-ﾭ‐2),	 ﾠwith	 ﾠa	 ﾠspatial	 ﾠaverage	 ﾠof	 ﾠ0.1	 ﾠW	 ﾠm−2,	 ﾠand	 ﾠis	 ﾠspatially	 ﾠuniform	 ﾠexcept	 ﾠnot	 ﾠfar	 ﾠfrom	 ﾠthe	 ﾠ
equator	 ﾠ(motivated	 ﾠby	 ﾠthe	 ﾠNeoproterozoic	 ﾠcontinental	 ﾠreconstruction	 ﾠof30),	 ﾠwhere	 ﾠthe	 ﾠ
geothermal	 ﾠflux	 ﾠis	 ﾠup	 ﾠto	 ﾠfour	 ﾠtimes	 ﾠits	 ﾠbackground	 ﾠvalue.	 ﾠThe	 ﾠ2D	 ﾠocean	 ﾠmodel	 ﾠalso	 ﾠprescribes	 ﾠa	 ﾠ
ridge	 ﾠover	 ﾠwhich	 ﾠthe	 ﾠheating	 ﾠis	 ﾠenhanced,	 ﾠwhile	 ﾠthe	 ﾠtopography	 ﾠof	 ﾠthe	 ﾠtwo	 ﾠother	 ﾠmodels	 ﾠis	 ﾠflat.	 ﾠ
Sensitivity	 ﾠexperiments	 ﾠto	 ﾠthe	 ﾠlocation	 ﾠand	 ﾠamplitude	 ﾠof	 ﾠthe	 ﾠenhanced	 ﾠheating,	 ﾠand	 ﾠto	 ﾠthe	 ﾠ
topography	 ﾠin	 ﾠboth	 ﾠthe	 ﾠ2D	 ﾠand	 ﾠ3D	 ﾠmodels,	 ﾠshow	 ﾠour	 ﾠsolution	 ﾠto	 ﾠbe	 ﾠvery	 ﾠrobust.	 ﾠSee	 ﾠon-ﾭ‐line	 ﾠ
methods	 ﾠsection	 ﾠfor	 ﾠfurther	 ﾠdetails.	 ﾠ	 ﾠ
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Figure	 ﾠ1:	 ﾠResults	 ﾠof	 ﾠa	 ﾠ2D	 ﾠ(latitude-ﾭdepth)	 ﾠocean	 ﾠmodel	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ1D	 ﾠ(in	 ﾠlatitude)	 ﾠice	 ﾠ
flow	 ﾠmodel.	 ﾠ(a)	 ﾠPotential	 ﾠtemperature	 ﾠ(
◦C;	 ﾠwhite	 ﾠarea	 ﾠon	 ﾠtop	 ﾠcorresponds	 ﾠto	 ﾠthe	 ﾠcalculated	 ﾠice	 ﾠ
cover	 ﾠthickness).	 ﾠ(b)	 ﾠSalinity	 ﾠ(ppt),	 ﾠwhich	 ﾠvaries	 ﾠdue	 ﾠto	 ﾠfreezing	 ﾠand	 ﾠmelting	 ﾠ(panel	 ﾠf)	 ﾠinduced	 ﾠ
by	 ﾠspatially	 ﾠvariable	 ﾠgeothermal	 ﾠheating	 ﾠand	 ﾠheat	 ﾠflux	 ﾠthrough	 ﾠthe	 ﾠice	 ﾠdue	 ﾠto	 ﾠthe	 ﾠlatitude-ﾭ‐
dependent	 ﾠatmospheric	 ﾠtemperature	 ﾠ(MS);	 ﾠsalinity	 ﾠis	 ﾠsomewhat	 ﾠlower	 ﾠin	 ﾠthe	 ﾠNorthern	 ﾠ
Hemisphere	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠridge	 ﾠwith	 ﾠenhanced	 ﾠgeothermal	 ﾠheating	 ﾠand	 ﾠtherefore	 ﾠenhanced	 ﾠ
melting	 ﾠthere.	 ﾠ(c)	 ﾠZonal	 ﾠvelocity	 ﾠ(cm/s).	 ﾠ(d)	 ﾠMOC	 ﾠstream	 ﾠfunction	 ﾠ(Sv,	 ﾠone	 ﾠSv	 ﾠis	 ﾠ106	 ﾠ
m3s−1),	 ﾠ
showing	 ﾠa	 ﾠstrong	 ﾠequatorial	 ﾠMOC	 ﾠ(35	 ﾠSv),	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠpresent	 ﾠday	 ﾠhigh	 ﾠlatitude	 ﾠNorth	 ﾠ
Atlantic	 ﾠMOC	 ﾠ(about	 ﾠ20	 ﾠSv).	 ﾠ(e)	 ﾠIce	 ﾠthickness	 ﾠ(m)	 ﾠand	 ﾠice	 ﾠvelocity	 ﾠ(m/yr)	 ﾠas	 ﾠfunctions	 ﾠof	 ﾠ
latitude.	 ﾠ(f)	 ﾠFreezing	 ﾠrate	 ﾠ(negative	 ﾠvalues	 ﾠimply	 ﾠmelting)	 ﾠat	 ﾠthe	 ﾠice	 ﾠbase	 ﾠtogether	 ﾠwith	 ﾠ
prescribed	 ﾠsublimation/	 ﾠprecipitation	 ﾠrates	 ﾠat	 ﾠthe	 ﾠice	 ﾠsurface,	 ﾠshowing	 ﾠthat	 ﾠocean	 ﾠcontribution	 ﾠ
to	 ﾠsetting	 ﾠthe	 ﾠice	 ﾠthickness	 ﾠis	 ﾠcomparable	 ﾠto	 ﾠor	 ﾠlarger	 ﾠthan	 ﾠthat	 ﾠof	 ﾠthe	 ﾠatmosphere	 ﾠ(mm/yr).	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ2:	 ﾠResults	 ﾠof	 ﾠa	 ﾠ3D	 ﾠhigh	 ﾠresolution	 ﾠsector	 ﾠocean	 ﾠmodel	 ﾠshowing	 ﾠa	 ﾠrich	 ﾠtime-ﾭ
dependent	 ﾠturbulent	 ﾠeddy	 ﾠfield.	 ﾠ(a)	 ﾠSnapshot	 ﾠof	 ﾠthe	 ﾠtemperature	 ﾠfield	 ﾠat	 ﾠ1200	 ﾠm	 ﾠ(that	 ﾠis,	 ﾠ
about	 ﾠ110	 ﾠmeters	 ﾠbelow	 ﾠthe	 ﾠice).	 ﾠ(b)	 ﾠSame,	 ﾠfor	 ﾠsalinity.	 ﾠ(c)	 ﾠSame,	 ﾠfor	 ﾠzonal	 ﾠvelocity	 ﾠ(zero	 ﾠvalue	 ﾠ
marked	 ﾠby	 ﾠa	 ﾠwhite	 ﾠcontour).	 ﾠ(d)	 ﾠTime-ﾭ‐averaged	 ﾠMOC.	 ﾠ(e)	 ﾠTime-ﾭ‐averaged	 ﾠmelting	 ﾠrate	 ﾠ(zero	 ﾠ
values	 ﾠmarked	 ﾠby	 ﾠthick	 ﾠcontour).	 ﾠ(f)	 ﾠZonal,	 ﾠdepth	 ﾠand	 ﾠtime	 ﾠmean	 ﾠof	 ﾠzonal	 ﾠvelocity	 ﾠ(cm/s,	 ﾠ
black),	 ﾠand	 ﾠof	 ﾠscaled	 ﾠconvergence	 ﾠof	 ﾠeddy	 ﾠmomentum	 ﾠfluxes	 ﾠ
€ 
−∂u'v'/∂y	 ﾠ(red),	 ﾠboth	 ﾠas	 ﾠfunction	 ﾠ
of	 ﾠlatitude.	 ﾠThe	 ﾠclose	 ﾠcorrespondence	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠdemonstrates	 ﾠthat	 ﾠeddy	 ﾠmomentum	 ﾠ
flux	 ﾠconvergence	 ﾠplays	 ﾠa	 ﾠdominant	 ﾠrole	 ﾠin	 ﾠthe	 ﾠgeneration	 ﾠof	 ﾠthe	 ﾠzonal	 ﾠjets.	 ﾠ	 ﾠ	 ﾠ
Figure	 ﾠ3:	 ﾠResults	 ﾠof	 ﾠthe	 ﾠ3D	 ﾠocean	 ﾠmodel	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ2D	 ﾠ(latitude-ﾭlongitude)	 ﾠice	 ﾠflow	 ﾠ
model,	 ﾠin	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠreconstructed	 ﾠNeoproterozoic	 ﾠcontinental	 ﾠconfiguration.	 ﾠ(a)	 ﾠ
Temperature	 ﾠat	 ﾠ1200m	 ﾠdepth	 ﾠ(colors),	 ﾠareas	 ﾠof	 ﾠenhanced	 ﾠgeothermal	 ﾠheating	 ﾠ(black	 ﾠcontour	 ﾠ
lines)	 ﾠand	 ﾠland	 ﾠmasses	 ﾠ(white	 ﾠareas).	 ﾠ(b)	 ﾠSalinity	 ﾠat	 ﾠ1200m	 ﾠ(colors).	 ﾠ(c)	 ﾠIce	 ﾠthickness	 ﾠ(colors),	 ﾠ
and	 ﾠice	 ﾠvelocity	 ﾠvectors	 ﾠ(plotted	 ﾠevery	 ﾠfourth/	 ﾠsecond	 ﾠgrid	 ﾠpoint	 ﾠin	 ﾠthe	 ﾠlongitude/	 ﾠlatitude	 ﾠ
direction).	 ﾠResults	 ﾠare	 ﾠgenerally	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠ2D	 ﾠsolution	 ﾠ(see	 ﾠalso	 ﾠFig.	 ﾠSI-ﾭ‐3),	 ﾠalthough	 ﾠ
some	 ﾠdeviations	 ﾠfrom	 ﾠzonal	 ﾠsymmetry	 ﾠoccur	 ﾠdue	 ﾠto	 ﾠadvection	 ﾠof	 ﾠtemperature	 ﾠand	 ﾠsalinity	 ﾠby	 ﾠ
ocean	 ﾠcurrents	 ﾠnear	 ﾠcontinents,	 ﾠand	 ﾠdue	 ﾠto	 ﾠenhanced	 ﾠheating	 ﾠand	 ﾠfreshening	 ﾠvia	 ﾠice	 ﾠmelting	 ﾠin	 ﾠ
the	 ﾠarea	 ﾠof	 ﾠenhanced	 ﾠgeothermal	 ﾠheating	 ﾠbetween	 ﾠthe	 ﾠcontinents.	 ﾠ	 ﾠMethods	 ﾠ	 ﾠ
Model	 ﾠdescription	 ﾠ
The	 ﾠmodel	 ﾠused	 ﾠhere	 ﾠcouples	 ﾠthe	 ﾠMassachusetts	 ﾠInstitute	 ﾠof	 ﾠTechnology	 ﾠgeneral	 ﾠcirculation	 ﾠ
ocean	 ﾠmodel	 ﾠ(MITgcm)28	 ﾠ
	 ﾠwith	 ﾠits	 ﾠice-ﾭ‐shelf	 ﾠpackage29	 ﾠto	 ﾠa	 ﾠrecently-ﾭ‐developed	 ﾠtwo	 ﾠdimensional	 ﾠ
(latitude-ﾭ‐longitude)	 ﾠmodel	 ﾠof	 ﾠthick	 ﾠice	 ﾠflow	 ﾠover	 ﾠa	 ﾠSnowball	 ﾠocean15	 ﾠwhich	 ﾠis	 ﾠan	 ﾠextension	 ﾠof	 ﾠ
the	 ﾠ1D	 ﾠice	 ﾠflow	 ﾠmodel	 ﾠof6,7	 ﾠand	 ﾠsimilar	 ﾠones31–33.	 ﾠThe	 ﾠice	 ﾠflow	 ﾠmodel	 ﾠcompensates	 ﾠfor	 ﾠmelting	 ﾠ
and	 ﾠsublimation	 ﾠat	 ﾠlow	 ﾠlatitudes	 ﾠand	 ﾠfreezing/	 ﾠprecipitation	 ﾠat	 ﾠhigh	 ﾠlatitudes,	 ﾠwith	 ﾠan	 ﾠ
equatorward	 ﾠice	 ﾠflow	 ﾠcalculated	 ﾠfrom	 ﾠice	 ﾠthickness	 ﾠgradients	 ﾠbased	 ﾠon	 ﾠGlenn’s	 ﾠlaw.	 ﾠThe	 ﾠice	 ﾠ
flow	 ﾠmodel	 ﾠemploys	 ﾠthe	 ﾠwell	 ﾠknown	 ﾠice-ﾭ‐shelf	 ﾠapproximation	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠvelocity	 ﾠis	 ﾠdepth-ﾭ‐
independent
34,35
,	 ﾠtogether	 ﾠwith	 ﾠan	 ﾠassumed	 ﾠlinear	 ﾠvertical	 ﾠtemperature	 ﾠprofile	 ﾠwithin	 ﾠthe	 ﾠice6,	 ﾠ
which	 ﾠtogether	 ﾠmake	 ﾠit	 ﾠpossible	 ﾠto	 ﾠaverage	 ﾠover	 ﾠthe	 ﾠvertical	 ﾠdimension	 ﾠrather	 ﾠthan	 ﾠmodel	 ﾠit	 ﾠ
explicitly.	 ﾠ	 ﾠ
The	 ﾠcoupling	 ﾠof	 ﾠthe	 ﾠice	 ﾠand	 ﾠocean	 ﾠmodels	 ﾠis	 ﾠdone	 ﾠasynchronously:	 ﾠthe	 ﾠocean	 ﾠmodel	 ﾠis	 ﾠrun	 ﾠfor	 ﾠ
300	 ﾠyears	 ﾠand	 ﾠthe	 ﾠice	 ﾠmodel	 ﾠis	 ﾠthen	 ﾠrun	 ﾠfor	 ﾠa	 ﾠsimilar	 ﾠperiod,	 ﾠand	 ﾠthe	 ﾠprocess	 ﾠis	 ﾠrepeated	 ﾠuntil	 ﾠa	 ﾠ
steady	 ﾠstate	 ﾠis	 ﾠobtained.	 ﾠAt	 ﾠeach	 ﾠiteration	 ﾠthe	 ﾠocean	 ﾠmodel	 ﾠis	 ﾠgiven	 ﾠthe	 ﾠice	 ﾠthickness	 ﾠcalculated	 ﾠ
by	 ﾠthe	 ﾠice	 ﾠmodel,	 ﾠwhile	 ﾠthe	 ﾠice	 ﾠmodel	 ﾠis	 ﾠdriven	 ﾠby	 ﾠthe	 ﾠmelting	 ﾠand	 ﾠfreezing	 ﾠrates	 ﾠcalculate	 ﾠby	 ﾠ
the	 ﾠocean	 ﾠmodel.	 ﾠThe	 ﾠice-ﾭ‐surface	 ﾠmeridional	 ﾠtemperature	 ﾠTs(y),	 ﾠsublimation	 ﾠand	 ﾠsnowfall	 ﾠare	 ﾠ
prescribed	 ﾠfrom7,	 ﾠwith	 ﾠan	 ﾠequator-ﾭ‐to-ﾭ‐pole	 ﾠtemperature	 ﾠdifference	 ﾠof	 ﾠ36
◦C	 ﾠ(Fig.	 ﾠSI-ﾭ‐1).	 ﾠNo-ﾭ‐slip	 ﾠ
ocean	 ﾠboundary	 ﾠconditions	 ﾠare	 ﾠspecified	 ﾠon	 ﾠside	 ﾠand	 ﾠbottom	 ﾠboundaries,	 ﾠwhile	 ﾠfree-ﾭ‐slip	 ﾠ
conditions	 ﾠare	 ﾠspecified	 ﾠunder	 ﾠthe	 ﾠice	 ﾠcover.	 ﾠ	 ﾠ
Turbulent	 ﾠconvection	 ﾠis	 ﾠparameterized	 ﾠin	 ﾠour	 ﾠmodel	 ﾠexperiments	 ﾠby	 ﾠan	 ﾠincreased	 ﾠvertical	 ﾠ
diffusion	 ﾠwhere	 ﾠthe	 ﾠvertical	 ﾠstratification	 ﾠis	 ﾠunstable.	 ﾠEddy	 ﾠmixing	 ﾠand	 ﾠmixed	 ﾠlayer	 ﾠ	 ﾠparameterizations	 ﾠdeveloped	 ﾠfor	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠocean
36	 ﾠ
are	 ﾠlikely	 ﾠnot	 ﾠapplicable	 ﾠfor	 ﾠthe	 ﾠvery	 ﾠ
weakly	 ﾠstratified	 ﾠSnowball	 ﾠocean,	 ﾠand	 ﾠwe	 ﾠuse	 ﾠinstead	 ﾠcrude	 ﾠhorizontal	 ﾠand	 ﾠvertical	 ﾠeddy	 ﾠ
diffusion.	 ﾠA	 ﾠdifferent	 ﾠchoice	 ﾠwas	 ﾠmade	 ﾠby
11	 ﾠ
who	 ﾠused	 ﾠan	 ﾠeddy	 ﾠparameterization	 ﾠtuned	 ﾠto	 ﾠ
present-ﾭ‐day	 ﾠocean	 ﾠeddies
36	 ﾠ
and	 ﾠsimulated	 ﾠa	 ﾠsnowball	 ﾠocean	 ﾠunder	 ﾠa	 ﾠ200	 ﾠm	 ﾠthick	 ﾠice	 ﾠwith	 ﾠno	 ﾠ
geothermal	 ﾠheating	 ﾠand	 ﾠtherefore	 ﾠnot	 ﾠat	 ﾠa	 ﾠthermodynamic	 ﾠequilibrium,	 ﾠbut	 ﾠwith	 ﾠa	 ﾠquasi-ﾭ‐
equilibrated	 ﾠcirculation.	 ﾠThey	 ﾠfind	 ﾠa	 ﾠvery	 ﾠweakly	 ﾠstratified	 ﾠocean	 ﾠwith	 ﾠa	 ﾠvanishing	 ﾠEulerian	 ﾠ
velocity	 ﾠfield,	 ﾠyet	 ﾠwith	 ﾠstrong	 ﾠhigh-ﾭ‐latitude	 ﾠparameterized	 ﾠeddy-ﾭ‐driven	 ﾠmeridional	 ﾠcirculation	 ﾠ
cells,	 ﾠvery	 ﾠdifferent	 ﾠfrom	 ﾠthe	 ﾠvigorous	 ﾠEulerian	 ﾠequatorial	 ﾠoverturning	 ﾠand	 ﾠjets	 ﾠfound	 ﾠhere.	 ﾠ	 ﾠ
The	 ﾠ2D	 ﾠocean	 ﾠmodel	 ﾠuses	 ﾠa	 ﾠhorizontal	 ﾠdiffusion	 ﾠcoefficient	 ﾠof	 ﾠκh=200	 ﾠm2/s	 ﾠand	 ﾠviscosity	 ﾠof	 ﾠ
νh=2×104	 ﾠm2/s;	 ﾠthe	 ﾠ3D	 ﾠ“realistic	 ﾠgeometry”	 ﾠcase	 ﾠuses	 ﾠdifferent	 ﾠvalues	 ﾠof	 ﾠκh	 ﾠ=	 ﾠ500	 ﾠm2/s	 ﾠand	 ﾠ
νh=5	 ﾠ×	 ﾠ104	 ﾠm2/s	 ﾠrequired	 ﾠby	 ﾠits	 ﾠdifferent	 ﾠresolution.	 ﾠThe	 ﾠvertical	 ﾠviscosity	 ﾠin	 ﾠboth	 ﾠmodels	 ﾠis	 ﾠset	 ﾠ
to	 ﾠνv	 ﾠ=2	 ﾠ·	 ﾠ10−3	 ﾠm2/s	 ﾠand	 ﾠthe	 ﾠvertical	 ﾠdiffusivity	 ﾠto	 ﾠκv	 ﾠ=1	 ﾠ·	 ﾠ10−4	 ﾠm2/s.	 ﾠThe	 ﾠhigh	 ﾠresolution	 ﾠcase	 ﾠ
uses	 ﾠa	 ﾠLeith	 ﾠeddy	 ﾠviscosity	 ﾠformulation37.	 ﾠ	 ﾠ
The	 ﾠ2D	 ﾠocean	 ﾠmodel	 ﾠ(latitude-ﾭ‐depth,	 ﾠperiodic	 ﾠin	 ﾠlongitude),	 ﾠhas	 ﾠa	 ﾠhorizontal	 ﾠlatitudinal	 ﾠ
resolution	 ﾠof	 ﾠ1
◦	 ﾠ
and	 ﾠ32	 ﾠvertical	 ﾠlevels,	 ﾠvarying	 ﾠfrom	 ﾠ10	 ﾠm	 ﾠadjacent	 ﾠto	 ﾠthe	 ﾠice	 ﾠto	 ﾠ200	 ﾠm	 ﾠat	 ﾠdepth	 ﾠ
(Δz	 ﾠ=920,	 ﾠ15×10,	 ﾠ12,	 ﾠ17,	 ﾠ23,	 ﾠ32,	 ﾠ45,	 ﾠ61,	 ﾠ82,	 ﾠ110,	 ﾠ148,	 ﾠ7×200	 ﾠm;	 ﾠnote	 ﾠthat	 ﾠthe	 ﾠthick	 ﾠupper	 ﾠlevel	 ﾠ
is	 ﾠentirely	 ﾠwithin	 ﾠthe	 ﾠice).	 ﾠThe	 ﾠ2D	 ﾠocean	 ﾠmodel	 ﾠis	 ﾠcoupled	 ﾠto	 ﾠa	 ﾠ1D	 ﾠ(latitude)	 ﾠversion	 ﾠof	 ﾠthe	 ﾠice	 ﾠ
flow	 ﾠmodel.	 ﾠWe	 ﾠperformed	 ﾠsensitivity	 ﾠruns	 ﾠto	 ﾠthe	 ﾠlocation	 ﾠand	 ﾠamplitude	 ﾠof	 ﾠthe	 ﾠgeothermal	 ﾠ
forcing	 ﾠand	 ﾠfound	 ﾠthe	 ﾠsolution	 ﾠto	 ﾠbe	 ﾠvery	 ﾠrobust.	 ﾠ	 ﾠ





with	 ﾠ73	 ﾠvertical	 ﾠlevels	 ﾠof	 ﾠvarying	 ﾠthickness	 ﾠfrom	 ﾠ10	 ﾠm	 ﾠnear	 ﾠthe	 ﾠice	 ﾠto	 ﾠ200	 ﾠm	 ﾠat	 ﾠdepth	 ﾠ(starting	 ﾠ
from	 ﾠthe	 ﾠocean	 ﾠsurface,	 ﾠΔz	 ﾠ=	 ﾠ550,	 ﾠ57×10,	 ﾠ14,	 ﾠ20,	 ﾠ27,	 ﾠ38,	 ﾠ54,	 ﾠ75,	 ﾠ105,	 ﾠ147,	 ﾠ7×200m;	 ﾠat	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠupper	 ﾠ33	 ﾠlevels	 ﾠare	 ﾠwithin	 ﾠthe	 ﾠice,	 ﾠand	 ﾠtherefore	 ﾠinactivated,	 ﾠand	 ﾠthe	 ﾠrest	 ﾠrepresent	 ﾠ
the	 ﾠocean).	 ﾠContinental	 ﾠconfiguration	 ﾠis	 ﾠbased	 ﾠon	 ﾠthe	 ﾠ720	 ﾠMa	 ﾠNeoproterozoic	 ﾠreconstruction	 ﾠ
of30,	 ﾠand	 ﾠincludes	 ﾠan	 ﾠestimated	 ﾠlocation	 ﾠof	 ﾠspreading	 ﾠridges	 ﾠbetween	 ﾠthe	 ﾠcontinents,	 ﾠwhere	 ﾠ
geothermal	 ﾠheating	 ﾠis	 ﾠlikely	 ﾠenhanced	 ﾠ(thick	 ﾠcontour	 ﾠin	 ﾠFig.	 ﾠ3a;	 ﾠspreading	 ﾠridges	 ﾠelsewhere	 ﾠ
are	 ﾠnot	 ﾠincluded	 ﾠdue	 ﾠto	 ﾠthe	 ﾠuncertainty	 ﾠin	 ﾠtheir	 ﾠlocation).	 ﾠBathymetry	 ﾠreconstructions	 ﾠfor	 ﾠthe	 ﾠ
Neoproterozoic	 ﾠare	 ﾠnot	 ﾠeasy	 ﾠto	 ﾠcome	 ﾠby,	 ﾠand	 ﾠwe	 ﾠtherefore	 ﾠspecified	 ﾠa	 ﾠflat	 ﾠtopography	 ﾠin	 ﾠthe	 ﾠ
3D	 ﾠcase,	 ﾠrelying	 ﾠon	 ﾠland	 ﾠmasses	 ﾠto	 ﾠrestrict	 ﾠzonal	 ﾠflows.	 ﾠWe	 ﾠperformed	 ﾠsensitivity	 ﾠruns	 ﾠwith	 ﾠ
specified	 ﾠsills	 ﾠ(1	 ﾠkm	 ﾠhigh)	 ﾠaround	 ﾠthe	 ﾠocean	 ﾠconstricted	 ﾠby	 ﾠthe	 ﾠland	 ﾠmasses,	 ﾠas	 ﾠwell	 ﾠas	 ﾠwith	 ﾠ(1	 ﾠ
km	 ﾠhigh)	 ﾠmid-ﾭ‐ocean	 ﾠridges	 ﾠspecified	 ﾠin	 ﾠthe	 ﾠopen	 ﾠocean	 ﾠand	 ﾠfound	 ﾠthat	 ﾠthese	 ﾠdo	 ﾠnot	 ﾠchange	 ﾠthe	 ﾠ
overall	 ﾠpicture.	 ﾠ	 ﾠ
The	 ﾠhigh	 ﾠresolution	 ﾠsector	 ﾠocean	 ﾠmodel	 ﾠspans	 ﾠ45
◦	 ﾠlongitude,	 ﾠfrom	 ﾠ10.5
◦S	 ﾠto	 ﾠ10.5
◦N,	 ﾠat	 ﾠa	 ﾠ
horizontal	 ﾠresolution	 ﾠof	 ﾠan	 ﾠeighth	 ﾠof	 ﾠa	 ﾠdegree	 ﾠlongitude	 ﾠand	 ﾠlatitude	 ﾠand	 ﾠ20	 ﾠvertical	 ﾠlevels	 ﾠof	 ﾠ
100	 ﾠm	 ﾠeach.	 ﾠAn	 ﾠice	 ﾠcover	 ﾠwith	 ﾠuniform	 ﾠthickness	 ﾠof	 ﾠ1025	 ﾠm	 ﾠis	 ﾠprescribed	 ﾠin	 ﾠthis	 ﾠcase	 ﾠrather	 ﾠ
than	 ﾠusing	 ﾠthe	 ﾠice	 ﾠflow	 ﾠmodel	 ﾠ(which	 ﾠwould	 ﾠbe	 ﾠprohibitive	 ﾠdue	 ﾠto	 ﾠcomputational	 ﾠcost).	 ﾠA	 ﾠflat	 ﾠ
ocean	 ﾠtopography	 ﾠis	 ﾠused,	 ﾠand	 ﾠenhanced	 ﾠgeothermal	 ﾠheating	 ﾠis	 ﾠprescribed	 ﾠas	 ﾠa	 ﾠGaussian	 ﾠ
centered	 ﾠaround	 ﾠ6
◦N,	 ﾠat	 ﾠup	 ﾠto	 ﾠ4	 ﾠtimes	 ﾠthe	 ﾠamplitude	 ﾠof	 ﾠthe	 ﾠbackground	 ﾠgeothermal	 ﾠflux.	 ﾠThe	 ﾠ
surface	 ﾠtemperature	 ﾠin	 ﾠthis	 ﾠexperiment	 ﾠis	 ﾠuniform	 ﾠ(due	 ﾠto	 ﾠits	 ﾠrelatively	 ﾠsmall	 ﾠmeridional	 ﾠ
extent)	 ﾠand	 ﾠset	 ﾠto	 ﾠ-ﾭ‐44.4
◦C.	 ﾠThis	 ﾠhigh	 ﾠresolution	 ﾠrun	 ﾠwas	 ﾠintegrated	 ﾠfor	 ﾠover	 ﾠ100	 ﾠyears	 ﾠto	 ﾠreach	 ﾠ
an	 ﾠequilibrium	 ﾠof	 ﾠthe	 ﾠeddy	 ﾠfield,	 ﾠyet	 ﾠbecause	 ﾠits	 ﾠice	 ﾠcover	 ﾠis	 ﾠspecified	 ﾠrather	 ﾠthan	 ﾠevolving,	 ﾠthe	 ﾠ
run	 ﾠis	 ﾠ–	 ﾠunlike	 ﾠfor	 ﾠthe	 ﾠother	 ﾠtwo	 ﾠmodels	 ﾠ–	 ﾠnot	 ﾠat	 ﾠa	 ﾠcomplete	 ﾠthermodynamic	 ﾠequilibrium	 ﾠwith	 ﾠ
its	 ﾠice	 ﾠcover.	 ﾠ	 ﾠ
While	 ﾠgeothermal	 ﾠheat	 ﾠcan	 ﾠhave	 ﾠsome	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠocean38,	 ﾠit	 ﾠis	 ﾠthe	 ﾠdominant	 ﾠ
forcing	 ﾠin	 ﾠa	 ﾠsnowball	 ﾠocean.	 ﾠA	 ﾠhydrothermal	 ﾠheat	 ﾠflux	 ﾠis	 ﾠtherefore	 ﾠprescribed	 ﾠhere	 ﾠat	 ﾠthe	 ﾠbottom	 ﾠof	 ﾠthe	 ﾠocean	 ﾠand	 ﾠis	 ﾠspatially	 ﾠuniform	 ﾠexcept	 ﾠwhere	 ﾠenhanced	 ﾠflux	 ﾠis	 ﾠprescribed	 ﾠto	 ﾠ
simulate	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠspreading	 ﾠridges.	 ﾠThese	 ﾠenhanced	 ﾠgeothermal	 ﾠareas	 ﾠare	 ﾠprescribed	 ﾠin	 ﾠ
the	 ﾠmodel	 ﾠruns	 ﾠshown	 ﾠin	 ﾠthe	 ﾠpaper	 ﾠto	 ﾠbe	 ﾠnot	 ﾠfar	 ﾠfrom	 ﾠthe	 ﾠequator	 ﾠ(motivated	 ﾠby	 ﾠthe	 ﾠ
Neoproterozoic	 ﾠcontinental	 ﾠreconstruction	 ﾠof30),	 ﾠand	 ﾠthe	 ﾠgeothermal	 ﾠflux	 ﾠthere	 ﾠis	 ﾠup	 ﾠto	 ﾠfour	 ﾠ
times	 ﾠits	 ﾠbackground	 ﾠvalue.	 ﾠThe	 ﾠobserved	 ﾠbackground	 ﾠflux	 ﾠaway	 ﾠfrom	 ﾠocean	 ﾠridges	 ﾠis	 ﾠabout	 ﾠ
0.05	 ﾠW	 ﾠm−2,	 ﾠand	 ﾠthe	 ﾠflux	 ﾠobserved	 ﾠat	 ﾠmid-ﾭ‐ocean	 ﾠridges	 ﾠis	 ﾠabout	 ﾠ4	 ﾠtimes	 ﾠlarger,	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠ
average	 ﾠover	 ﾠocean	 ﾠbasins	 ﾠis	 ﾠestimated	 ﾠto	 ﾠbe	 ﾠof	 ﾠthe	 ﾠorder	 ﾠof	 ﾠ0.1	 ﾠWm−2	 ﾠ
(see,	 ﾠfor	 ﾠexample,	 ﾠTable	 ﾠ
4	 ﾠof39).	 ﾠWe	 ﾠtherefore	 ﾠprescribe	 ﾠa	 ﾠflux	 ﾠwhose	 ﾠspatial	 ﾠaverage	 ﾠis	 ﾠ0.1	 ﾠWm−2,	 ﾠand	 ﾠis	 ﾠlarger	 ﾠlocally	 ﾠ
over	 ﾠridges.	 ﾠAt	 ﾠa	 ﾠsteady	 ﾠstate	 ﾠthe	 ﾠaverage	 ﾠflux	 ﾠescaping	 ﾠthe	 ﾠocean	 ﾠthrough	 ﾠthe	 ﾠthick	 ﾠice	 ﾠcover	 ﾠis	 ﾠ
therefore	 ﾠalso	 ﾠ0.1	 ﾠW	 ﾠm−2.	 ﾠFig.	 ﾠSI-ﾭ‐2	 ﾠshows	 ﾠthe	 ﾠhydrothermal	 ﾠforcing	 ﾠof	 ﾠall	 ﾠthree	 ﾠmodels	 ﾠshown	 ﾠ
in	 ﾠthe	 ﾠpaper.	 ﾠThe	 ﾠNeoproterozoic	 ﾠflux	 ﾠmay	 ﾠhave	 ﾠbeen	 ﾠslightly	 ﾠlarger	 ﾠthan	 ﾠthat	 ﾠof	 ﾠpresent-ﾭ‐day,	 ﾠ
but	 ﾠthe	 ﾠdifference	 ﾠis	 ﾠexpected	 ﾠto	 ﾠbe	 ﾠsmall	 ﾠrelative	 ﾠto	 ﾠother	 ﾠuncertainties,	 ﾠso	 ﾠthat	 ﾠmodern	 ﾠvalues	 ﾠ
are	 ﾠused	 ﾠhere.	 ﾠ	 ﾠ
Most	 ﾠocean	 ﾠmodels	 ﾠcannot	 ﾠincorporate	 ﾠan	 ﾠice	 ﾠcover	 ﾠthicker	 ﾠthan	 ﾠtheir	 ﾠupper	 ﾠlevel,	 ﾠwhich	 ﾠis	 ﾠon	 ﾠ
the	 ﾠorder	 ﾠof	 ﾠ5-ﾭ‐50	 ﾠmeters.	 ﾠIt	 ﾠis,	 ﾠhowever,	 ﾠimportant	 ﾠto	 ﾠuse	 ﾠa	 ﾠthick	 ﾠshelf	 ﾠice	 ﾠformulation	 ﾠas	 ﾠdone	 ﾠ
here,	 ﾠas	 ﾠrepresenting	 ﾠthick	 ﾠshelf	 ﾠice	 ﾠas	 ﾠthin	 ﾠsea	 ﾠice	 ﾠis	 ﾠknown	 ﾠto	 ﾠlead	 ﾠto	 ﾠbiases	 ﾠin	 ﾠmodeling	 ﾠ
present-ﾭ‐day	 ﾠdeep	 ﾠwater	 ﾠformation	 ﾠaround	 ﾠAntarctica	 ﾠdue	 ﾠto	 ﾠthe	 ﾠinduced	 ﾠbiases	 ﾠin	 ﾠfresh	 ﾠwater	 ﾠ
fluxes	 ﾠdue	 ﾠto	 ﾠmelting/	 ﾠfreezing40,	 ﾠ41.	 ﾠAn	 ﾠalternative	 ﾠto	 ﾠour	 ﾠthick	 ﾠice-ﾭ‐shelf	 ﾠformulation	 ﾠwas	 ﾠused	 ﾠ
by11	 ﾠ
who	 ﾠemployed	 ﾠa	 ﾠdynamic	 ﾠre-ﾭ‐scaling	 ﾠof	 ﾠthe	 ﾠvertical	 ﾠcoordinate42.	 ﾠ	 ﾠ
Derivation	 ﾠof	 ﾠthe	 ﾠsolution	 ﾠfor	 ﾠthe	 ﾠ2D	 ﾠflow	 ﾠfield	 ﾠ
Consider	 ﾠthe	 ﾠzonal	 ﾠequatorial	 ﾠjets	 ﾠseen	 ﾠfor	 ﾠexample	 ﾠin	 ﾠFig.	 ﾠ1.	 ﾠDifferentiate	 ﾠthe	 ﾠhydrostatic	 ﾠ
equation	 ﾠin	 ﾠy	 ﾠand	 ﾠintegrate	 ﾠin	 ﾠz	 ﾠto	 ﾠfind	 ﾠpy=gρyz+F(y),	 ﾠand	 ﾠassume	 ﾠthis	 ﾠmeridional	 ﾠpressure	 ﾠgradient	 ﾠset	 ﾠby	 ﾠthe	 ﾠdifferential	 ﾠgeothermal	 ﾠheating	 ﾠto	 ﾠbe	 ﾠapproximately	 ﾠconstant	 ﾠin	 ﾠlatitude	 ﾠy	 ﾠ
around	 ﾠthe	 ﾠequator.	 ﾠThe	 ﾠmeridional	 ﾠmomentum	 ﾠequation	 ﾠthen	 ﾠleads	 ﾠto	 ﾠan	 ﾠexpression	 ﾠfor	 ﾠu,	 ﾠ
and	 ﾠthe	 ﾠzonal	 ﾠmomentum	 ﾠequation	 ﾠto	 ﾠan	 ﾠexpression	 ﾠfor	 ﾠv.	 ﾠRequiring	 ﾠthe	 ﾠvertically	 ﾠintegrated	 ﾠ
meridional	 ﾠflow	 ﾠto	 ﾠvanish	 ﾠdue	 ﾠto	 ﾠmass	 ﾠconservation,	 ﾠwe	 ﾠfind	 ﾠF(y),	 ﾠgiving,	 ﾠ	 ﾠ
€ 
u ~ gρy z+ H/2 ( )/ βρ0 ( )
1
y
,	 ﾠ	 ﾠ	 ﾠ	 ﾠ
€ 





If	 ﾠthe	 ﾠgeothermal	 ﾠheating	 ﾠand	 ﾠbathymetry	 ﾠare	 ﾠprescribed	 ﾠto	 ﾠbe	 ﾠuniform,	 ﾠthe	 ﾠMOC	 ﾠis	 ﾠweaker	 ﾠby	 ﾠ
about	 ﾠ75%,	 ﾠand	 ﾠif	 ﾠthe	 ﾠice-ﾭ‐surface	 ﾠtemperature	 ﾠTs(y)	 ﾠis	 ﾠalso	 ﾠuniform,	 ﾠthe	 ﾠMOC	 ﾠvanishes.	 ﾠThis	 ﾠ
suggests	 ﾠthat	 ﾠthe	 ﾠatmospheric	 ﾠforcing	 ﾠvia	 ﾠTs(y)	 ﾠis	 ﾠresponsible	 ﾠfor	 ﾠabout	 ﾠ25%	 ﾠof	 ﾠthe	 ﾠMOC,	 ﾠin	 ﾠ
spite	 ﾠof	 ﾠthe	 ﾠthick	 ﾠice	 ﾠcover.	 ﾠThe	 ﾠatmospheric	 ﾠdriving	 ﾠof	 ﾠthe	 ﾠsnowball	 ﾠocean,	 ﾠand	 ﾠof	 ﾠthe	 ﾠMOC	 ﾠin	 ﾠ
particular,	 ﾠis	 ﾠvia	 ﾠits	 ﾠeffect	 ﾠon	 ﾠmelting	 ﾠrates	 ﾠat	 ﾠhigh	 ﾠvs.	 ﾠlow	 ﾠlatitudes.	 ﾠThis	 ﾠdifference	 ﾠmostly	 ﾠ
depends	 ﾠon	 ﾠthe	 ﾠequator	 ﾠto	 ﾠpole	 ﾠatmospheric	 ﾠtemperature	 ﾠdifference,	 ﾠand	 ﾠif	 ﾠthe	 ﾠCO2	 ﾠis	 ﾠ
increased,	 ﾠfor	 ﾠexample,	 ﾠand	 ﾠif	 ﾠthe	 ﾠmeridional	 ﾠtemperature	 ﾠdifference	 ﾠis	 ﾠconsequently	 ﾠlowered,	 ﾠ
then	 ﾠthe	 ﾠatmospheric	 ﾠdriving	 ﾠof	 ﾠthe	 ﾠocean	 ﾠcirculation	 ﾠmay	 ﾠbe	 ﾠweaker.	 ﾠIn	 ﾠaddition	 ﾠto	 ﾠthis,	 ﾠthe	 ﾠ
sensitivity	 ﾠof	 ﾠthe	 ﾠice	 ﾠflow	 ﾠto	 ﾠsurface	 ﾠtemperatures	 ﾠderived	 ﾠfrom	 ﾠdifferent	 ﾠCO2	 ﾠconcentrations	 ﾠ
was	 ﾠexplicitly	 ﾠdiscussed	 ﾠby15.	 ﾠWhen	 ﾠthe	 ﾠgeothermal	 ﾠforcing	 ﾠis	 ﾠuniform	 ﾠ(but	 ﾠthe	 ﾠsurface	 ﾠ
temperature	 ﾠTs(y)	 ﾠis	 ﾠstill	 ﾠa	 ﾠfunction	 ﾠof	 ﾠlatitude	 ﾠy),	 ﾠor	 ﾠthe	 ﾠridge	 ﾠwith	 ﾠenhanced	 ﾠheating	 ﾠis	 ﾠplaced	 ﾠ
at	 ﾠthe	 ﾠequator,	 ﾠthe	 ﾠnorth-ﾭ‐south	 ﾠsymmetry	 ﾠis	 ﾠstill	 ﾠbroken,	 ﾠand	 ﾠwhile	 ﾠthe	 ﾠMOC	 ﾠis	 ﾠweaker	 ﾠand	 ﾠ
could	 ﾠbe	 ﾠin	 ﾠeither	 ﾠdirection	 ﾠdepending	 ﾠon	 ﾠinitial	 ﾠconditions,	 ﾠthe	 ﾠflows	 ﾠare	 ﾠqualitatively	 ﾠsimilar	 ﾠ
to	 ﾠthe	 ﾠabove.	 ﾠ	 ﾠ
On	 ﾠthe	 ﾠeddy	 ﾠfield	 ﾠin	 ﾠthe	 ﾠhigh	 ﾠresolution	 ﾠmodel	 ﾠrun	 ﾠ	 ﾠThe	 ﾠrelatively	 ﾠstrong	 ﾠzonal	 ﾠvelocities	 ﾠthat	 ﾠdevelop	 ﾠin	 ﾠthe	 ﾠabove	 ﾠ2D	 ﾠmodel	 ﾠnear	 ﾠthe	 ﾠequator	 ﾠare	 ﾠ
characterized	 ﾠby	 ﾠa	 ﾠReynolds	 ﾠnumber	 ﾠ(based	 ﾠon	 ﾠmolecular	 ﾠviscosity)	 ﾠthat	 ﾠis	 ﾠmuch	 ﾠgreater	 ﾠthan	 ﾠ
one,	 ﾠof	 ﾠR=uL/ν=(0.03ms−1)(2·105m)/(1.8·10−6m2s−1)∼4×109,	 ﾠanticipating	 ﾠa	 ﾠturbulent	 ﾠflow.	 ﾠIn	 ﾠ
addition,	 ﾠthe	 ﾠmeridional	 ﾠgradient	 ﾠof	 ﾠvorticity	 ﾠ(β	 ﾠ−	 ﾠuyy)	 ﾠchanges	 ﾠsign	 ﾠas	 ﾠfunction	 ﾠof	 ﾠlatitude,	 ﾠ
indicating	 ﾠthat	 ﾠeddies	 ﾠmay	 ﾠdevelop	 ﾠdue	 ﾠto	 ﾠbarotropic	 ﾠinstability.	 ﾠIt	 ﾠis	 ﾠalso	 ﾠpossible	 ﾠthat	 ﾠthe	 ﾠ
eddy	 ﾠfield	 ﾠmay	 ﾠbe	 ﾠable	 ﾠto	 ﾠextract	 ﾠavailable	 ﾠpotential	 ﾠenergy	 ﾠfrom	 ﾠthe	 ﾠ(weak)	 ﾠmeridional	 ﾠ
density	 ﾠgradient.	 ﾠ	 ﾠ
The	 ﾠeddy	 ﾠmotions	 ﾠseen	 ﾠin	 ﾠour	 ﾠhigh	 ﾠresolution	 ﾠrun	 ﾠare	 ﾠcharacterized	 ﾠby	 ﾠa	 ﾠvelocity	 ﾠscale	 ﾠof	 ﾠ
u’∼0.02	 ﾠms−1	 ﾠ
and	 ﾠa	 ﾠlength	 ﾠscale	 ﾠof	 ﾠ	 ﾠ  
€ 
∼100	 ﾠkm	 ﾠ(Fig.	 ﾠ2c).	 ﾠThese	 ﾠscales	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠestimate	 ﾠa	 ﾠ
mixing-ﾭ‐length	 ﾠeddy	 ﾠviscosity	 ﾠof	 ﾠ	 ﾠνh∼	 ﾠ  
€ 
u'	 ﾠ∼	 ﾠ2	 ﾠ·	 ﾠ103	 ﾠ
m2	 ﾠ
s−1.	 ﾠA	 ﾠmixing	 ﾠtime	 ﾠscale	 ﾠfrom	 ﾠlow	 ﾠto	 ﾠhigh	 ﾠ
latitudes	 ﾠis	 ﾠtherefore	 ﾠgiven	 ﾠby	 ﾠτ	 ﾠ∼	 ﾠR2/νh	 ﾠ∼	 ﾠ500	 ﾠyears,	 ﾠwhere	 ﾠR	 ﾠis	 ﾠthe	 ﾠEarth	 ﾠradius,	 ﾠnot	 ﾠvery	 ﾠ
different	 ﾠfrom	 ﾠpresent-ﾭ‐day	 ﾠbasin-ﾭ‐scale	 ﾠmixing	 ﾠrates.	 ﾠThis	 ﾠis	 ﾠa	 ﾠlower	 ﾠbound	 ﾠon	 ﾠmixing	 ﾠtime	 ﾠ
scales,	 ﾠas	 ﾠone	 ﾠexpects	 ﾠthe	 ﾠsnowball	 ﾠeddy	 ﾠfield	 ﾠto	 ﾠbe	 ﾠweaker	 ﾠat	 ﾠthe	 ﾠhigher	 ﾠlatitudes	 ﾠwhere	 ﾠthe	 ﾠ
mean	 ﾠflows	 ﾠand	 ﾠresulting	 ﾠeddy	 ﾠfield	 ﾠare	 ﾠweaker.	 ﾠThis	 ﾠis	 ﾠin	 ﾠcontrast	 ﾠto	 ﾠthe	 ﾠpresent-ﾭ‐day	 ﾠocean,	 ﾠ
where	 ﾠeddy	 ﾠgeneration	 ﾠis	 ﾠstrong	 ﾠat	 ﾠmid-ﾭ‐to	 ﾠhigh-ﾭ‐latitudes	 ﾠnear	 ﾠwestern	 ﾠboundary	 ﾠcurrents.	 ﾠ	 ﾠ	 ﾠ
Salinity	 ﾠuncertainties	 ﾠ
Estimating	 ﾠocean	 ﾠsalinity	 ﾠduring	 ﾠthe	 ﾠNeoproterozoic	 ﾠpresents	 ﾠa	 ﾠchallenge.	 ﾠWe	 ﾠassume	 ﾠthe	 ﾠpre-ﾭ‐
snowball	 ﾠsalinity	 ﾠto	 ﾠbe	 ﾠequal	 ﾠto	 ﾠmodern,	 ﾠbut	 ﾠthere	 ﾠis	 ﾠsignificant	 ﾠevidence	 ﾠthat	 ﾠit	 ﾠvaried	 ﾠ
significantly	 ﾠand	 ﾠmay	 ﾠhave	 ﾠbeen	 ﾠas	 ﾠhigh	 ﾠas	 ﾠtwo	 ﾠtimes	 ﾠmodern43;	 ﾠsee	 ﾠalso	 ﾠsome	 ﾠrecent	 ﾠreviews	 ﾠ
of	 ﾠevaporites	 ﾠthrough	 ﾠtime44,	 ﾠ45.	 ﾠSalinity	 ﾠmay	 ﾠhave	 ﾠalso	 ﾠincreased	 ﾠduring	 ﾠsnowball	 ﾠevents	 ﾠif	 ﾠ
oceans	 ﾠcontinued	 ﾠto	 ﾠreceive	 ﾠa	 ﾠsupply	 ﾠof	 ﾠsalts	 ﾠthrough	 ﾠboth	 ﾠsubglacial	 ﾠrunoff	 ﾠand	 ﾠsubglacial	 ﾠ
sediment	 ﾠtransport,	 ﾠwhile	 ﾠevaporite	 ﾠdeposition	 ﾠwould	 ﾠhave	 ﾠbeen	 ﾠnonexistent.	 ﾠThe	 ﾠmain	 ﾠeffect	 ﾠof	 ﾠa	 ﾠhigher	 ﾠocean	 ﾠsalinity	 ﾠon	 ﾠour	 ﾠsimulation	 ﾠwould	 ﾠhave	 ﾠbeen	 ﾠthe	 ﾠadditional	 ﾠlowering	 ﾠof	 ﾠthe	 ﾠ
freezing	 ﾠtemperature	 ﾠwhich	 ﾠis	 ﾠalready	 ﾠquite	 ﾠlow	 ﾠrelative	 ﾠto	 ﾠmodern	 ﾠvalues	 ﾠdue	 ﾠto	 ﾠboth	 ﾠhigh	 ﾠ
pressure	 ﾠat	 ﾠthe	 ﾠice	 ﾠbase	 ﾠand	 ﾠhigh	 ﾠsalinity.	 ﾠ	 ﾠ
Another	 ﾠsource	 ﾠof	 ﾠuncertainty	 ﾠin	 ﾠsalinity	 ﾠis	 ﾠour	 ﾠassumed	 ﾠconcentration	 ﾠof	 ﾠsalt	 ﾠdue	 ﾠto	 ﾠland-ﾭ‐ice	 ﾠ
volume	 ﾠequivalent	 ﾠto	 ﾠabout	 ﾠ1	 ﾠkm	 ﾠof	 ﾠsea	 ﾠlevel.	 ﾠModeling	 ﾠstudies46,	 ﾠ47	 ﾠ
estimate	 ﾠcontinental	 ﾠice	 ﾠ
sheets	 ﾠto	 ﾠbe	 ﾠa	 ﾠfew	 ﾠkm	 ﾠthick	 ﾠafter	 ﾠ∼100kyr,	 ﾠroughly	 ﾠcomparable	 ﾠto	 ﾠEast	 ﾠAntarctic	 ﾠIce-ﾭ‐Sheet	 ﾠ
with	 ﾠmean	 ﾠthickness	 ﾠof	 ﾠ2.15	 ﾠkm48.	 ﾠIn	 ﾠaddition,	 ﾠgeological	 ﾠrelationships49	 ﾠ
estimated	 ﾠa	 ﾠpost-ﾭ‐
glacial	 ﾠsea-ﾭ‐level	 ﾠrise	 ﾠof	 ﾠ1.5	 ﾠkm,	 ﾠwhich	 ﾠis	 ﾠequivalent	 ﾠto	 ﾠmelting	 ﾠ3.3	 ﾠkm	 ﾠthick	 ﾠgrounded	 ﾠice	 ﾠsheets	 ﾠ
on	 ﾠall	 ﾠcontinents	 ﾠand	 ﾠoceanic	 ﾠplatforms.	 ﾠWe	 ﾠconclude	 ﾠthat	 ﾠalthough	 ﾠno	 ﾠtight	 ﾠconstraint	 ﾠon	 ﾠland	 ﾠ
ice	 ﾠexists,	 ﾠ1	 ﾠkm	 ﾠthick	 ﾠice-ﾭ‐sheets	 ﾠseem	 ﾠto	 ﾠbe	 ﾠwithin	 ﾠthe	 ﾠrange	 ﾠof	 ﾠcurrent	 ﾠestimates.	 ﾠ	 ﾠ
Yet	 ﾠanother	 ﾠimportant	 ﾠsalinity-ﾭ‐related	 ﾠissue	 ﾠis	 ﾠthe	 ﾠpossibility	 ﾠof	 ﾠfresh	 ﾠwater	 ﾠinput	 ﾠfrom	 ﾠland-ﾭ‐
based	 ﾠsub-ﾭ‐glacial	 ﾠflows.	 ﾠSuch	 ﾠfresh	 ﾠwater	 ﾠflow	 ﾠat	 ﾠthe	 ﾠocean	 ﾠsurface,	 ﾠwhich	 ﾠmay	 ﾠdevelop	 ﾠshould	 ﾠ
there	 ﾠbe	 ﾠany	 ﾠopen	 ﾠcoastal	 ﾠwater,	 ﾠcould	 ﾠbe	 ﾠmixed	 ﾠdown	 ﾠby	 ﾠthe	 ﾠstrong	 ﾠvertical	 ﾠconvective	 ﾠ
mixing.	 ﾠYet,	 ﾠif	 ﾠthe	 ﾠfresh	 ﾠwater	 ﾠinput	 ﾠis	 ﾠstrong	 ﾠenough,	 ﾠit	 ﾠcould	 ﾠlead	 ﾠto	 ﾠa	 ﾠweak	 ﾠlocal	 ﾠcoastal	 ﾠ
stratification	 ﾠas	 ﾠseen	 ﾠin	 ﾠour	 ﾠsolution	 ﾠover	 ﾠthe	 ﾠridge	 ﾠdue	 ﾠto	 ﾠmelting	 ﾠthere	 ﾠ(Fig.	 ﾠ1b).	 ﾠThis	 ﾠ
scenario	 ﾠremains	 ﾠspeculative	 ﾠas	 ﾠit	 ﾠhinges	 ﾠon	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠopen	 ﾠcoastal	 ﾠwater,	 ﾠwhich	 ﾠour	 ﾠ
model	 ﾠdoes	 ﾠnot	 ﾠexplicitly	 ﾠpredict.	 ﾠ	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